Visual and dynamical measurement of Rayleigh-Benard convection by using fiber-based digital holographic interferometry J. Appl. Phys. 112, 113113 (2012) Guide-star-based computational adaptive optics for broadband interferometric tomography Appl. Phys. Lett. 101, 221117 (2012) Limits of elemental contrast by low energy electron point source holography J. Appl. Phys. 110, 094305 (2011) Cantilever biosensor reader using a common-path, holographic optical interferometer Appl. Phys. Lett. 97, 221110 (2010) Extended depth of focus in a particle field measurement using a single-shot digital hologram Appl. Phys. Lett. 95, 201103 (2009) Additional information on Rev. Sci. Instrum. Holographic optical tweezers have found many applications including the construction of complex micron-scale 3D structures and the control of tools and probes for position, force, and viscosity measurement. We have developed a compact, stable, holographic optical tweezers instrument which can be easily transported and is compatible with a wide range of microscopy techniques, making it a valuable tool for collaborative research. The instrument measures approximately 30×30×35 cm and is designed around a custom inverted microscope, incorporating a fibre laser operating at 1070 nm. We designed the control software to be easily accessible for the non-specialist, and have further improved its ease of use with a multi-touch iPad interface. A high-speed camera allows multiple trapped objects to be tracked simultaneously. We demonstrate that the compact instrument is stable to 0.5 nm for a 10 s measurement time by plotting the Allan variance of the measured position of a trapped 2 μm silica bead. We also present a range of objects that have been successfully manipulated.
I. INTRODUCTION
Optical tweezers 1, 2 are now an established tool for trapping, manipulation, and force measurement of micron sized objects. They use a high numerical aperture (NA) microscope objective lens to produce a gradient force that can tightly trap an object in three dimensions. Optical tweezers systems are available commercially and they have found a number of applications, 3 including measuring the compliance of bacteria, 4 measuring the forces exerted by motor proteins 5, 6 and trapping metal nanoparticles. 7, 8 Holographic optical tweezers [9] [10] [11] [12] [13] employ spatial light modulators (SLMs), used as dynamic computer-controlled diffractive optical elements, to manipulate many objects independently. They have found many applications including the construction of 3D structures using micron-sized dielectric spheres 14 or living cells 15 and imaging soft cellular surfaces using optically trapped probes. 16 Careful considerations are required when working with living cells or other light sensitive objects. Near infrared lasers have been successfully used to manipulate living cells as they allow the trapping force to be optimized while minimizing energy absorption. 17 Here we report on the development of a compact holographic optical tweezers system designed for collaborative work outside of the laser laboratory. The system is based on a fibre laser operating at 1070 nm, making it suitable for biological applications, 18, 19 and is housed within a custom microscope where only the parts relevant to the non laser specialist are accessible. We have incorporated our own SLM control software, developed using a combination of LABVIEW and OpenGL, which is capable of generating holograms at hundreds of Hz. 20 In ada) Electronic mail: Graham.Gibson@glasgow.ac.uk. URL: www.gla.ac.uk/ schools/physics/research/groups/optics/. dition, this software is able to use our multi-touch interface, "iTweezers", which simplifies the control of optical tweezers for a number of tasks.
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The compact optical layout results in a stable instrument and aberration correction improves the quality of the traps. We verify the stability of the instrument by measuring the Allan variance, [22] [23] [24] demonstrating position measurement to an accuracy better than 1 nm for a measurement time between 0.5 and 50 s. The system is compatible with a wide range of microscopy techniques including brightfield, darkfield, 25 stereo, 26 and fluorescence as well as particle tracking using video microscopy. 23, 27 II. SYSTEM CONFIGURATION A schematic of the optical system is shown in Fig. 1 . A Ytterbium fibre laser (IPG Photonics, YLM-5-LP-5C), emitting up to 5 W at 1070 nm with a collimated output of 5 mm diameter, is expanded to fill the aperture of an SLM (Boulder Nonlinear Systems, XY Series). The laser is offset with respect to the second lens of a beam expander such that the upper part of the lens collimates the laser incident on the SLM while the lower part forms the Fourier lens. 28 This results in a more compact optical layout, allowing the optics to be fitted within the footprint of a commercially available xy motorized microscope stage (ASI, MS-2000) . The laser reflected from the SLM passes a telescope arrangement which images the SLM to the back aperture of a microscope objective (Olympus UApo/340, 40x /1.35).
The microscope stage, in addition to a motorized linear stage (ASI, LS50/M), provides x,y,z control over a range of tens of mm, compatible with a wide range of sample holders and objective lenses. The single microscope objective both images the sample and focuses the laser to produce the optical traps. A white LED (Luxeon III Star) coupled through the (a) Schematic of the optical system. The output of the fibre laser is expanded to fill the SLM. The same lens is used both as part of the beam expander and also as the fourier lens after which the laser is coupled into the microscope using a dichroic filter. A reconfigurable filter holder allows the use of laser blocking filters and also the option to insert a center stop for darkfield imaging, 25 wedge prisms for stereo microscopy, 26 or a filter cube for fluorescence imaging. A high speed CMOS camera provides both a live view down the microscope and position tracking of particles. (b) 3D models of the instrument.
microscope condenser, using a short length of acrylic fibre, provides the illumination. The condenser is configured for critical illumination which provides even illumination of the sample from the fibre. Also, using a LED has the advantage that less heat is generated within the microscope and that the driving electronics are more compact. In some applications it is desirable to use darkfield imaging which traditionally requires an objective lens that has a restricted NA. This is unsuitable for 3D optical trapping which requires a high NA objective. In our system we use the standard brightfield illumination from the LED and insert a correctly sized center stop in the Fourier plane of the sample, 25 allowing darkfield imaging which is compatible with the high NA objective used for 3D trapping. In addition, this technique can be used to directly access the scattering spectra of a trapped particle. 25 This center stop can be conveniently placed in the filter holder of the instrument.
A high-speed CMOS camera (Dalsa Genie-HM640) provides a live view down the microscope and can also be used for high-speed particle tracking. At full resolution the camera can acquire images at up to 300 fps. This can be increased by reducing the field of view, allowing particles to be tracked up to a few kHz. For the optical configuration shown in Fig. 1 , one camera pixel represents 0.19 μm in the sample. A photograph of the instrument is shown in Fig. 2 .
III. SOFTWARE CONTROL
Holograms are generated using our open-source "Red Tweezers" control program, 29 which consists of an OpenGL rendering engine (written in C) and a graphical interface written in LABVIEW. This interface allows the operator to create, move, and delete traps by clicking on a video image of the sample. It is designed to be both easy to use and simple to extend for users that need to customize its operation. The OpenGL Shader Language kernel that renders the holograms is able to be modified from within LABVIEW, making it easy to change the holograms that are rendered. It is also possible to add tabs and plugins to the graphical interface to change the control logic (for example, to effect closed loop control 20, 30 ). Image analysis allows us to track the particles in our traps using either centre of mass or a symmetry-based algorithm, implemented as a dynamic-link library (DLL) written in C and called from LABVIEW. 26 Particle tracking is integrated into the graphical interface as shown in Figure 3 .
IV. ABERRATION CORRECTION
In an optical tweezers system the presence of aberrations degrade the stiffness of the optical traps. 31 In particular, within our compact system, using the same lens as both part beam expander and Fourier lens introduces aberrations which must be corrected. This is especially important when trapping particles that are small compared to the point spread function of the trap 32 and/or trapping deep within the sample. 33 We take advantage of the fact that the SLM can be used to correct for aberrations, improving the quality of the traps. In addition, the SLM can be used as the principal component of a wavefront sensor either by emulating a Shack-Hartmann sensor, 34 optimizing higher-order modes, 35 or interfering different parts of the SLM. 36, 37 We divide the SLM into sub-apertures, each of which is used to project a spot onto a different part of the sample. By tracking the distortion of the array of spots thus formed, we can recover the tilt of the aberration phase surface at each aperture, and hence find the phase pattern corresponding to the aberration. We subtract this phase pattern from the hologram displayed on the SLM to cancel out the aberrations. The first 15 Zernike polynomials serve as a convenient basis set to represent aberrations. Figure 4 shows the aberration correction applied to the SLM along with the improvement in the shape of the optical trap. 
V. CHARACTERIZATION
We characterized the optical tweezers instrument by recording and analyzing the position data of a trapped particle. For the purposes of these measurements we placed the instrument on a small air damped optical table in order to isolate the system from environmental sources of noise. The CMOS camera (the main source of heat within the optical layout) was connected to its power supply a few hours before taking measurements in order to maximize thermal stability. We prepared a microscope sample slide containing 2 μm diameter silica beads (Bangs Laboratories, Inc.) in distilled water. We used two laser output powers to trap a single bead, 0.1 W and 0.5 W, respectively. Restricting the field of view of the CMOS camera to approx 5 μm allowed images to be acquired at 2.4 kHz, with the bead position recorded at the same rate, using a center of mass algorithm. Continuous measurements were recorded over a duration of approx. 6 min (900 000 data points) and the data analyzed. Due to the large number of data points recorded, we only plot a subset for the displacement and scatter plots, shown in Fig. 5 .
In addition to noise arising from the camera based detector, the trapped particle is subject to Brownian motion and the measurement of its mean position improves with the square root of the averaging time. To demonstrate the stability of the instrument we plot the Allan variance of the bead position given by
where x n is the average position of the nth sample over a time duration τ . This reveals the optimum measurement duration before the measurement is degraded by system drift. The Allan variance of bead position is plotted in Fig. 6 . When using the higher laser power the instrument is most stable for measurement times in the 0.5 to 50 s range, showing a stability to better than 1 nm, reaching 0.5 nm for a 10 s measurement.
This is an improvement on what we previously reported 23 for a similar, but much larger, optical tweezers workstation.
Another method of characterizing the system is to record the power spectrum of a trapped bead. Fitting a Lorentzian to the power spectrum of the Brownian motion of the bead 38 reveals the optical trap strength. Figure 7 shows the power spectra for a 2 μm diameter silica bead trapped using 0.1 W and 0.5 W laser output powers.
VI. TRAPPING CAPABILITIES
In Fig. 8 we present a range of objects we manipulated using the optical tweezers instrument. We trapped carbon nanotube clusters, silica beads, yeast cells, and Jurkat cells. By defining multiple traps in 3D we were able to control a custom designed dielectric micro-tool for probing samples. Trapping handles allow the micro-tool to be controlled while keeping the sample clear of the trapping laser. 16 When using standard brightfield imaging it can be difficult to observe, and hence track, small objects such as the carbon nanotubes, even when trapping many in a cluster. Installing the center stop in the imaging path allowed the nanotube cluster to be easily observed using darkfield imaging, and is compatible with high-speed particle tracking. Large biological samples such as yeast and Jurkat cells were also easily trapped and manipulated. Using an IR laser allowed the cells to be trapped for several minutes without showing apparent signs of cell damage.
It is not always convenient to work with high NA, short working distance objectives such as those commonly used in optical tweezers. Counterpropagating diverging beams can also be used to trap objects by using opposing objective lenses 39, 40 or using a dichroic sample slide or mirror behind the sample. 41, 42 The scattering forces from a pair of beams cancel when the object is centered axially, removing the requirement for high NA. This enables the use of long working distance objectives at low magnifications. Counter propagating traps can be easily implemented in our system by adopting the dichroic sample slide approach. The SLM is used to create a pair of beams, one of which is reflected by the dichroic to create a backward-propagating focus. The addition of closed loop control of a trapped object can increase the effective trap stiffness to be comparable to that achieved with a single beam gradient trap. Gallery showing a selection of different types of object trapped and manipulated using our system. Objects include clusters of carbon nanotubes, living cells, and dielectric micro-tools. Multiple traps can be used for controlling micro-tools in 3D. The option to use darkfield imaging allows clusters of trapped carbon nanotubes to be observed and tracked using a high-speed camera.
VII. CONCLUSIONS
We have developed a compact optical tweezers instrument which can be easily transported and is compatible with a wide range of microscopy techniques and applications. We have shown that the aberration correction applied to the SLM is sufficient to compensate for the optical aberrations introduced by the compact optical layout. This leads to an instrument having a good stability which is similar, and in some cases better, than that of larger optical tweezers workstations. We demonstrated this improved stability by plotting the Allan variance of the position of a trapped silica bead, measured using a high-speed CMOS camera at 2.4 kHz. In addition we demonstrated a range of objects that we manipulated. The use of an IR laser allows living cells to be manipulated without any signs of apparent cell damage. Using a center stop in the imaging path allows us to record darkfield images, and track positions, of objects trapped in 3D using a high NA objective.
